The objective of this study was to develop a polymerase chain reaction (PCR)-based method to detect and differentiate among Escherichia coli strains containing genes for the expression of 3 antigenic variants of the fimbrial adhesin K88 (K88ab, K88ac, and K88ad). Five primers were designed that allowed detection of K88 + E. coli, regardless of antigenic variant, and the separate detection of the ab, ac, and ad variants. Primers AM005 and AM006 are 21 base pair (bp) oligomers that correspond to a region of the K88 operon that is common to all 3 antigenic variants. Primers MF007, MF008, and MF009 are 24-bp oligomers that matched variable regions specific to ab, ac, and ad, respectively. Using primers AM005 and AM006, a PCR product was From the Department of Animal Science, University of Tennessee, GTC-3', corresponding to an upstream region common to Knoxville, TN 37901 (Franklin, Mathew), and the Department of all 3 variants. Primer AM006 (antisense) was a 21-bp oligo-Veterinary Science, South Dakota State University, Brookings, SD mer, 5'-ATT GCT ACG TTC AGC GGA GCG-3', corre-57006 (Francis, Baker). sponding to a downstream region common to all 3 variants.
obtained that corresponds to a 764-bp region within the large structural subunit of the K88 operon common to all 3 antigenic variants. Primer AM005 used with MF007, MF008, or MF009 produced PCR products approximately 500-bp in length from within the large structural subunit of the K88 operon of the 3 respective antigenic variants. Fragments were identified by rates of migration on a 1% agarose gel relative to each other as well as to BstEII-digested lambda fragments. This PCR-based method was comparable to the enzyme-linked immunosorbent assay and western blot test in the ability to differentiate between the antigenic variants. K88 + E. coli were differentiated from among laboratory strains and detected in ileal samples taken from cannulated pigs challenged with a known K88 + variant. K88 + E. coli were also detected from fecal swabs taken from newly weaned pigs, thus confirming that this PCR-based test could provide a convenient clinical assay for the detection of K88 + E. coli. Detection and differentiation of K88 + E. coli using general and specific primers was successful.
PCR methods of detection should permit identification of K88 + antigenic variants regardless of the level of expression of the antigen.
Escherichia coli strains containing genes for the ex-have also been used. These tests allow better detection pression of the fimbrial adhesin K88 (K88 + E. coli) but still require large amounts of antigen production have been implicated as diarrheal agents in newly and/or euthanasia of the anima1. 8 The objective of this weaned pigs. 13 These bacteria are known to colonize study was to develop a polymerase chain reaction (PCR) the small intestine in large numbers and can have a technique that was more reliable and simpler to perdetrimental effect due primarily to the concurrent re-form for the diagnosis of K88 + E. coli. lease of heat stable and heat labile toxins. 12 These toxins cause water and electrolytes to be secreted from the Materials and methods intestinal tissues into the lumen. The ability to colonize the small intestine has been attributed to fimbrial adhesins or pili, the genes of which are known to be carried on a plasmid. 10 Differentiation between E. coli and other causes of diarrhea is essential for proper detection and control of the disease. Simple seroagglutination tests (SAT) have been used in the past to identify K88 + E. coli; however, such tests require sufficient antigen production for success and are not always reliable in identifying these pathogens. 8 Other methods such as the enzyme-linked immunosorbent assay (ELISA) and indirect fluorescent antibody test (IFAT)
Strains. Bacterial strains used in this study included isolates from the 3 known E. coli antigenic variants as well as a K99 strain for a negative control ( Primers. Primers were designed to hybridize with a region of the K88 operon that codes for the large structural subunit of the K88 fimbrial adhesin. Primer AM005 (sense) was a 21-base pair oligomer, 5'-GGT GAT TTC AAT GGT TCG Table 1 . Tested E. coli strains for determination of efficacy of ed of growing the isolate overnight in 50 ml of Luria broth.
PCR-based K88 antigen variant identification.
The culture was then spun at 15,000 x g for 10 min j to pellet DNA polymerase f in a final reaction volume of 50 µl. Reactions were overlaid with 50 µl of mineral oil to prevent evaporation. Thermal cycling consisted of an initial denaturation of 3.5 min at 94 C, followed by 35 cycles of 1.5 min at 94 C, 2.5 min at 55 C, 4 min at 72 C, and a final elongation period of 7 min at 72 C. g These lengthy cycling times were necessary to compensate for the ramp time of the thermocycler used in this study. Plasmid DNA extraction. Plasmid DNA was extracted from individual colonies using a commercial matrix. h This process consisted of an initial incubation for 30 min with 200 µl of the matrix. After vortexing, the mixture was boiled for 8 min in a waterbath. Five microliters of this mixture was used in each PCR reaction. Fresh colony preps were prepared before each PCR run to ensure that the plasmid DNA had not degraded. Colonies were chosen randomly from the respective plates, and positive colonies were stored at -80 C for later analyses. Isolates from live pigs were grown on MacConkey medium, i and 30 colonies were transferred to 5% sheep blood agar plates i to detect hemolytic activity. Three colonies were selected from the blood agar plates with preference given to hemolytic colonies when present. Laboratory strains were prepared as discussed above.
Challenge of live pigs. Cannulated pigs from a separate challenge study were used to isolate K88 + E. coli. The method for ileal cannulation has been discussed previously. 6, 7 Pigs were challenged with a wild type strain known to carry the plasmid for adhesion (O157:K88ac). The procedure consist-ture was vortexed and spun again. To the remaining pellet, 50 ml of PBS was added and after vortexing, 2 ml of this mixture was orally administered to each pig. Challenge cultures were enumerated on MacConkey medium, and each pig was determined to have received a minimum of 10 9 colony-forming units per milliliter of culture. Ileal digesta collected from day 1 to day 21 postchallenge was plated onto MacConkey medium, and 3 individual colonies were used for the PCR-based test. Fecal swabs from those same pigs were also plated onto MacConkey medium, and 3 individual colonies were used for the PCR test.
Visualization ofproducts. One microliter of a 20% glycerol loading buffer was combined with 10 µl of each PCR product prior to loading on a 1% agarose gel for 15 min at 58 V. The amplified products were visualized by ethidium bromide stain and UV light, and their lengths were verified by a digested lambda DNA standard run simultaneously.
Controls. An O101:K99 E. coli (Table 1) was used as a negative control. As further controls, each of the specific primers were run with templates from the nonmatched variants. A cloned strain (005) 5 was used to confirm the specificity of the general primers (AM005 and AM006) for detection of K88 + E. coli regardless of antigenic variant. Reactions were also performed omitting the polymerase to ensure that possible excessive template DNA had not been mistakenly identified as a positive amplification. ELISA 16 and western blot 1 analyses were used to compare efficacy of the PCR-based test to differentiate among variants.
Results
Resultant PCR products corresponded to expected lengths from within the large structural subunit of the K88 operon. Primers AM005 and AM006 produced a product corresponding to a 764-bp region that was common to all 3 antigenic variants. When primer AM005 and 1 of the MF primers were used, a PCR product of approximately 500 bp was obtained (Fig.  1) . The lengths of these products were verified by lambda BstEII-digested DNA fragments included as a standard in each gel. None of the reactions produced amplification when using the K99 template. Amplification products were also not produced when variants and specific primers were incorrectly matched. The 005 strain showed an amplification product with primers AM005 and AM006. No amplification products were visible in any of the reactions where the polymerase had been omitted. A product was deemed positive when it produced a distinctive band consistent with the expected migration on the agarose gel and as determined by comparison with the DNA fragment standards.
The results of the ELISA, western blot, and PCRbased tests are summarized in Table 2 for 9 variants and the K99 negative control subjected to all 3 tests. The a determinant was detected by all 3 methods for all 9 variants. All 3 tests were in 100% agreement for the 3 ad variants. All 3 tests were in agreement for 1 of the ac variants. Western blots and ELISAs were not available for the b determinant, thus only results from the PCR test are shown; however, the ab variants were determined not to be ac or ad variants based on ELISA and western blot analysis. The ab variants were also determined to contain the a determinant by the ELISA and western blot techniques. K88 + E. coli were detected among isolates from live pigs involved in the challenge study as well. Isolates from fecal swabs of those same pigs also tested positive for K88 + E. coli.
Discussion
Our PCR-based technique is not dependent on the level of expression of the antigen. Thus, detection of enterotoxigenic E. coli (ETEC) that carry the adhesin plasmid but may not be expressing sufficient quantities of fimbria should be an improvement over current ELISA and western blot techniques. We were able to detect K88 + E. coli in challenged pigs that did not appear to have symptoms of diarrhea, which supports suggestions that some ETEC can be present in the gastrointestinal tract in the absence of disease. 11, 15 The current PCR-based test would not be appropriate to quantify concentrations of ETEC in the gastrointestinal tract. Furthermore, this method of detection does not attempt to identify the toxins produced by K88 + E. coli, for which a PCR-based test already exists. 3 Virulence factors of K88 + E. coli may be lost over long storage periods 9 or after repeated culturing of bacteria in vitro, 18 possibly explaining why the K88ab variant was not detected with the ELISA or western blot analyses. Also, the K88ab variants tested may not have been expressing sufficient fimbria for detection by ELISA or western blot. However, upon conducting ELISA and western blot analysis, a determinants were detected from all 3 antigenic variants: K88ab, K88ac, and K88ad (original identification confirmed by PCR).
In addition, all 3 tests (PCR based, ELISA, and western blot) were in 100% agreement for the K88ad variant and the K88ac variant O8:3030-2. Therefore, because the a determinant was detected for all K88ab isolates and none of the K88ab isolates were positive with any of the tests for the c or d determinants, isolates determined as K88ab by our PCR test were indeed of the K88ab variant. Furthermore, primers specific for K88ab isolates did not amplify either the ac or ad isolates, providing further evidence that these isolates were K88ab.
Because it has been suggested that the presence of plasmids for hemolysin and fimbrial adhesins of K88 + E. coli show some correlation, 14 hemolytic colonies, when present on blood agar plates, were chosen from challenge studies to increase the likelihood of finding adhesive bacteria. In the present study, K88 adhesin fimbrial genes frequently were found in isolates that lacked hemolysis activity on blood agar plates, thus confirming other workers' suggestions that the hemolysis plasmid is not correlated with the fimbrial plasmid. 17 The results of this study indicate that PCR-based testing has several advantages over current methods of differentiating among antigenic variants of K88 + E. coli. Factors common to SAT, ELISA, and IFAT include the need for antisera, sufficient antigen concentration, and determination of appropriate time and temperature of incubation. 8 The PCR-based technique is not dependent upon antigen-antibody reactions, and thus no intermediate hosts are needed for the production or titration of antisera, which can be a lengthy and tedious procedure. PCR-based testing lends itself to a more rapid analysis and to greater specificity than the simple agglutination test. Euthanasia of animals, which is both costly and time consuming, is also not required for this procedure. PCR-based techniques can detect as little as 1 genomic copy, 2 thus making this a practical test for detection of low levels of the pathogen. Through analysis of fecal swabs by PCR, a convenient clinical method of detecting K88 + E. coli now exists. The advantages of this method of detection of K88 + E. coli may lead to the more direct diagnosis of the exact organism causing diarrhea in weanling pigs. 
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